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ABSTRACT
Galaxy clusters contain much more metal per star, typically 3 times as much, than
is produced in normal galaxies. We set out to determine what changes are needed to
the stellar mass function and supernovae rates to account for this excess metal. In par-
ticular, we vary the Type Ia supernovae rate, IMF slope, upper and lower mass cutoffs,
and the merger rate of massive stars. We then use existing simulation results for metal
production from AGB stars, Type Ia SNe and core-collapse SNe to calculate the total
amount of each element produced per solar mass of star formation. For models with
very massive stars, we also include metal production from pair-instability supernovae
(PISNe). We find that including PISNe makes it much easier to increase the amount of
metal produced per stellar mass. Therefore a separate population of high-mass stars
is not needed to produce the high amounts of metal found in galaxy clusters. We
also find that including at least some PISNe increases the abundance of intermediate-
mass elements relative to both oxygen and iron, consistent with observations of ICM
abundances.
Key words: galaxies: clusters: general — galaxies: clusters: intracluster medium —
galaxies: abundances — galaxies: star formation — X-rays: galaxies: clusters — stars:
supernovae: general.
1 INTRODUCTION
The hot intra-cluster medium (ICM) of galaxy clusters is
not made of pristine primordial gas, but instead is en-
riched in iron to 30% solar or more (Edge & Stewart 1991;
Yamashita 1992; Mushotzky & Loewenstein 1997), includ-
ing super-solar iron abundances in the Centaurus cluster
(Sanders & Fabian 2006; Lovisari et al. 2011). Abundances
of other elements are also enhanced. The ICM in a galaxy
cluster typically contains 85% to 95% of the total baryons
in the cluster, with stars accounting for just 5% to 15%
(Gonzalez et al. 2007; Andreon 2010). The cluster galaxies
themselves are slightly enriched relative to field galaxies of
the same types (e.g. Ellison et al. 2009).
Overall, the total amount of metal per star in a galaxy
cluster is around 2-6 times more than is found in the Milky
way. Put another way, if all the metal in galaxy clusters were
contained in the cluster galaxies, these galaxies would have
metallicities 2-6 times solar.
⋆ Email:morsony@astro.wisc.edu
This is very difficult to explain with normal star forma-
tion and stellar evolution. Typically, a galaxy or any collec-
tion of stars and gas should saturate at an average metallic-
ity close to solar (Tinsley 1980; Pagel 1997). Although some
stars will have super-solar metallicity, this is because they
formed from gas enriched by previous generations of lower
metallicity stars, so the average metallicity is still solar. For
1 M⊙ of stars formed, about 0.02 M⊙ of metal will be pro-
duced via nucleosynthesis in AGB stars and supernovae.
Stars not in galaxies, which produce the intra-cluster
light, are not sufficient to account for the excess amount of
metal if they have a normal IMF, as they make up only
about 5% to 20% of the stars in clusters (Krick & Bernstein
2007).
Numerous previous studies (e.g. Loewenstein 2001;
Portinari et al. 2004; Loewenstein 2006, 2013) have rejected
the notion that the metal in galaxy clusters can come from a
standard initial-mass function (IMF). They concluded that
either a separate population of high-mass stars (Loewenstein
2001, 2006) or a top-heavy IMF (Portinari et al. 2004;
Fabjan et al. 2008) is necessary to produce enough iron and
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other metals through additional Type Ia and core-collapse
SN. Bregman et al. (2010) concluded that the majority of
metals in a cluster must form outside of cluster galaxies, in
population III stars.
There is observational evidence for an increased rate
of Type Ia supernovae in galaxy clusters. Mannucci et al.
(2008) and Sharon et al. (2007) found that Type Ia
rates in cluster elliptical galaxies are about 3 times the
rate in field ellipticals. (However, see Sand et al. 2012;
Maoz & Mannucci 2012). Assuming the increased Type Ia
rate reflects a true increase in the number of Type Ia SNe per
solar mass of stars formed, it would be insufficient to account
for the increased iron amounts in clusters (see sect. 3.1,
Loewenstein 2006). Mannucci et al. (2008) found the the
core-collapse SNe rate in cluster and field galaxies is con-
sistent with being the same, indicating there cannot be a
dramatically different IMF in cluster galaxies.
Evidence from low-mass stars also indicates the IMF
in galaxy clusters cannot be dramatically different. There
appears to be an excess number of low-mass stars in large
elliptical galaxies (e.g. Treu et al. 2010; Auger et al. 2010;
van Dokkum & Conroy 2010), possibly indicating a time-
variable IMF (Weidner et al. 2013). If there is a large excess
population of high-mass stars in clusters, it would have to be
above 1 M⊙ only, and not just a flattening of the low-mass
IMF slope.
Previous studies do not include the impact of vary
massive stars (> 140 M⊙) that produce pair-instability
supernovae (PISNe). The IMF is typically truncated at a
fixed upper mass of 100 to 150 M⊙ (Portinari et al. 2004;
Loewenstein 2006, 2013), approximately the mass of the
largest stars in the Milky Way. Alternately, larger stars could
be included but assumed to lose a substantial fraction of
their mass and produce core-collapse supernovae. In a typi-
cal IMF, the number of very massive stars is so small the a
few extra core-collapse SNe will not substantially alter the
total metal production. However, if very massive stars are
present and they each produce a PISN, they would produce
substantially more metal. A PISN can, for example, produce
a few 10’s of solar masses of iron (Heger & Woosley 2002;
Gal-Yam et al. 2009) rather than a few tenths of a solar mass
of iron in a core-collapse SN (e.g. Heger & Woosley 2010).
1.1 Evidence star formation is different in clusters
There are several reasons to think very high-mass stars
may be able to form in galaxy clusters. Cluster galax-
ies, particularly cD galaxies, have very large star form-
ing regions, up to several million solar masses (see, e.g.
Canning et al. 2010). They also have very high star forma-
tion rates of 10 to 100 M⊙ per year in nearby clusters (e.g.
McNamara & O’Connell 1989; O’Dea et al. 2010) and up to
740 M⊙ per year at high redshift (McDonald et al. 2012).
Very high-mass stars may only form in very large star form-
ing regions. This is particularly true if stellar masses in a
star forming region are optimally sampling the IMF, rather
than randomly sampling it (see Weidner et al. 2013). In the
Milky Way, the largest star forming regions do contain the
highest-mass stars (Weidner et al. 2013). In the local group,
the largest stars and the largest number of O stars are found
in R136, part of the 30 Doradous complex in the LMC, the
largest nearby star forming region (Massey & Hunter 1998).
The largest star in R136 is 265 M⊙ (320 M⊙ initial
mass), much larger than any star known in the Milky Way
(Crowther et al. 2010), and well above the mass cutoff as-
sumed in a typical IMF. It is unknown if this star formed
as a single star or from the merger of two massive stars
(Banerjee et al. 2012), but in either case is shows that very
high-mass stars can form in very massive star forming re-
gions.
cD galaxies in clusters also have a much larger num-
ber of globular clusters than the Milky Way. Our Galaxy
has about 150-200 globular clusters, while M87, with about
10 times the stellar mass, has about 12,000 (Tamura et al.
2006). The specific frequency of globular clusters in cD
galaxies is about 20 times the frequency in the Milky
Way and 3-6 times the frequency in elliptical galaxies
(Harris & Racine 1979). Globular clusters likely began their
lives as massive star forming regions, so something about
star formation in cD galaxies must allow proportionally
more of these regions to exist over the life of the Universe.
This may indicate the typical star formation region size is
always larger in cluster galaxies than in the Milky Way.
Aside from the size of the star forming regions, galaxy
clusters, at least in their inner regions, are at very high pres-
sure. In the inner 100 kpc, the typical ICM pressure in a
galaxy cluster is 5 to 50 times the ISM pressure in the Milky
Way (e.g Arnaud et al. 2010). This presumably means an in-
creased pressure in star forming regions as well, which could
lead to more rapid accretion onto stellar cores and therefore
a higher upper mass limit.
Very large star-forming regions may also have a slightly
flatter IMF slope. For example, the Arches star cluster ap-
pears to have a slope of −2.1 rather than the standard −2.3
(Espinoza et al. 2009), and NGC 3603 likely has an even
flatter slope, measured as −1.74+0.62
−0.47 by Harayama et al.
(2008). Although this is only slightly flatter, the slope has
the largest effect as the highest masses, so even a small
change can significantly increase the number of very high
mass stars.
Even if the initial mass function in cluster galaxies has
the same mass cutoff as the Milky Way, very high mass
stars may still form. Galaxies in clusters, and very massive
star forming regions, have very dense stellar environments.
This will increase the rate of stellar interactions compared to
field galaxies, and a hardening of binary systems. Sana et al.
(2013) found that 50% of the O stars in 30 Doradus will
exchange mass with a companion during their lifetime. This
could lead to mergers of high mass stars to produce very
high mass stars (Banerjee et al. 2012). Type Ia supernovae
are believed to be produced from binary interactions, either
accretion onto a white dwarf from a companion or a merger
of two white dwarfs, so an increase in stellar interactions
may also explain the higher Type Ia SNe rate seen in cluster
galaxies (Mannucci et al. 2008).
Pressures and interaction rates will be highest in the
central regions of galaxy clusters, and particularly in cD
galaxies. However, this accounts for only a small fraction of
the total galaxy cluster mass (about 10% of stars are in the
cD galaxy). If extra metal is produced only in this region,
the excess relative to ordinary star formation would have to
be very large, and the metal would need to be transported
to the outer region of the cluster. This could possibly be
accomplished through AGN driven outflows or sloshing of
c© 0000 RAS, MNRAS 000, 000–000
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cluster gas. In galaxy clusters without a cD galaxy, or with
lower density non-cool cores, it may be less likely to have a
significantly modified IMF, and therefore be more difficult
to produce excess metals.
If enhanced metal production compared to the Milky
Way is a general feature of elliptical galaxies, and not just
galaxies in the inner regions of clusters, we might expect
evidence from observations of metals in ellipticals and in
the IGM, particularly if PISN are responsible. Stellar abun-
dances in the centers of ellipticals, determined through op-
tical observations of integrated starlight, indicate that the
total amount of metal is enhanced relative to solar by a
factor about 2, and that α elements (typically Mg) are en-
hanced relative to iron by about 1.5 (see, e.g., Trager et al.
2000b,a; Tang et al. 2009). These enhancements also corre-
late with galaxy mass. The IGM, though far below solar
metallicity, has an apparent enhancement of Si relative to
carbon ([Si/C]= 0.77±0.05 rather than≈ 0.5), possibly indi-
cating a significant contribution from PISNe (Aguirre et al.
2004).
We aim to explore what combination of stellar mass
function and supernovae rates, including PISNe, are needed
to produce the high amount of metal per star seen in galaxy
clusters. In section 2 we explain our methods for calculating
total metal production and compare our results using stan-
dard IMF base models to observed solar metallicity values.
In section 3 we explore how various modifications to our
base models increase metal yield. In section 4 we compare
the results of our models to observed abundances of various
elements in galaxy clusters. In section 5 we examine how our
results change if we use an alternative set of core-collapse
supernova models. Finally in section 6 we summarize our
conclusions.
2 MODELING METAL PRODUCTION
To determine the abundances of different elements pro-
duced, we start with 1 M⊙ of star formation for a given
initial-mass function (IMF), and then determine the num-
ber of AGB stars and different types of supernova in a given
mass range that will be produced. Results from simulations
of metal production are then used to find the total amount of
each element produced. We can then compare the results of
various models to two base models representative of normal,
Milky-Way-like star formation.
For our bases cases, we use standard Salpeter and
Kroupa IMFs (Salpeter 1955, Kroupa 2001). The Salpeter
IMF is a powerlaw with a slope of −2.35, a low-mass cutoff
at 0.2 M⊙ and a high-mass cutoff at 125 M⊙. The Kroupa
IMF consists of 3 connected powerlaws with slopes of −0.3,
−1.3 and −2.3, with breaks at 0.08 M⊙ and 0.5 M⊙. There
is a low-mass cutoff at 0.01 M⊙ and a high-mass cutoff at
125 M⊙ for our base model. Figure 1 shows the Salpeter
and Kroupa IMFs we use for our base models.
Beginning with these IMFs, we assume that all stars
between 1 M⊙ and 8 M⊙ become AGB stars. We also as-
sume that 1% of stars in this mass range produce a type Ia
supernova. This produces a rate of 1 type Ia supernova for
every 7 type II supernova, over the life of the Universe. This
rate is chosen to produce the approximately correct amount
of iron in our base models (see below).
All stars between 8 M⊙ and 140 M⊙ are assumed
to produce core-collapse supernovae. For our base models,
there are no stars above 125 M⊙, so all metal production
comes from AGB winds, type Ia and core-collapse super-
novae. However, for other models that include higher-mass
stars, each star between 140 M⊙ and 260 M⊙ produces a
pair-instability supernova (PISN). Above 260 M⊙, stars are
assumed to collapse directly into a black hole, and not con-
tribute at all to metal production.
Metal production for AGB stars is taken from Karakas
(2010). At a given mass, we add equal contributions from
models with metallicity fractions of 0.0001, 0.004, 0.008 and
0.02 and normal (Reimer’s) mass loss rates. We include AGB
models from 1.0 to 6.0 M⊙ from Karakas (2010). All stars
between 1.0 and 8.0 M⊙ are assumed to go through an AGB
phase, with the amount of each elements produce smoothly
interpolated between model masses from 1.0 to 6.0 M⊙ and
assumed to equal the 6.0 M⊙ model between 6.0 and 8.0
M⊙.
Metal production for core-collapse supernovae comes
from Heger & Woosley (2010). At a given mass, we add
equal contributions from models with supernova energies of
0.3, 0.6, 0.9, 1.2, 1.5, 2.4, and 3.0× 1051 erg. For all models
we assume no mixing and a piston at S/NAkb = 4. Initial
masses of the models range from 10.0 to 100.0 M⊙, with
the amount of each elements produce smoothly interpolated
between these model masses and assumed to equal the 10.0
M⊙ model between 8.0 and 10.0 M⊙ or the 100.0 M⊙ model
between 100.0 and 140.0 M⊙.
The core-collapse progenitors from Heger & Woosley
(2010) are all initially metal free. Most stars in galaxy clus-
ter will not be forming in metal-free environments, but these
are the best available supernova models that cover a wide
range of initial mass and supernova energy. They also lead
an enrichment close to solar metallicity for a standard IMF
(see sect. 2.1 below). The best alternative models for core-
collapse supernova yields are from Kobayashi et al. (2006),
which cover initial metallicity fractions of 0.0, 0.001, 0.004
and 0.02, but have a limited mass range and energy range.
However, even Kobayashi et al. (2006) models with similar
initial mass, metallicity and supernova energy produce sig-
nificantly difference yields than in Heger & Woosley (2010).
We consider briefly how using the Kobayashi et al. (2006)
models would change our results in sect. 5.
Metal production for type Ia SNe is taken from
Iwamoto et al. (1999). We use yields from model W7 for
all type Ia supernovae. Metal production for PISNe comes
from Heger & Woosley (2002). Initial masses of the models
range form 140 to 260 M⊙.
2.1 Base Models
Using these choices of AGB and supernova models and type
Ia rate, we begin with a standard Salpeter or Kroupa IMF
and assume all stars larger than 1.0 M⊙ have gone through
an AGB phase or become a supernova, and the the correct
fraction have produced at type Ia supernova. We then divide
by the initial mass of stars formed to find the final (satu-
rated) metallicity. For our models, we do not consider the
history of metal enrichment, aside from using a fixed range
of metallicities for AGB stars. We assuming no mixing with
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additional primordial gas, and that gas recycling does not
change the metal yield per solar mass of stars formed.
We are able to produce metallicities close to solar val-
ues. The amount of each element produced is shown in
Fig. 2, along with solar values from Anders & Grevesse
(1989). Figure 3 shows the amounts of each element pro-
duced by the base models for the two IMFs compared to
solar values. The amount of the most significant elements
produced is generally within 30% of the solar value. Reason-
able values are obtained for the light elements, particularly
oxygen, and for iron. For the even-numbered intermediate
elements (Ne, Mg, S, Si, etc.) the amounts produced are a
bit low, but still reasonable. Abundances of odd-numbered
intermediate elements are low, only about 30% of solar val-
ues.
The important point, however, is that the standard
IMFs produce abundances reasonably close to solar. For the
results in section 3 we will compare abundances produced by
various models to these standard cases, rather than directly
to solar abundances, in order to more clearly show how the
changes affect metal production. Keep in mind, however,
that the change in abundances for some elements will be
overstated, particularly for odd-numbered intermediate ele-
ments.
Figure 4 shows the contributions of each means of metal
production to each elements. AGB stars mainly produce the
light elements C, N and F, type Ia supernovae mainly pro-
duce iron peak elements, and type II supernovae produce
most of the oxygen along with the majority of the interme-
diate elements and about 1/3rd of the iron.
3 RESULTS
To increase the amount of metal produced for a given
amount of star formation, we now make various changes
to the IMFs and supernova rates. This includes changing
the Type Ia SN rate, the slope of the IMF, removing low-
mass stars, extending the high-mass cutoff of the IMF to in-
clude pair-instability supernovae, and merging massive stars
to produce PISNe. We also consider various combinations
of these changes. Each model is the compared to the base
models to determine the changes in amounts of different el-
ements.
3.1 Enhanced Type Ia Supernova Rate
One possible way to increase the amount of metal in galaxy
clusters is to increase the number of type Ia supernovae.
Galaxies in clusters could have a higher Ia rate because they
generally have older stellar populations, allowing more time
for stars to evolve, or because there are more close binaries in
clusters. Galaxies in clusters have, on average, older stellar
populations than, for example, the Milky Way. The total
number of Ia supernovae that have occurred should therefore
be larger, due to having more time for stars to evolve off
the main sequence or for binary mergers to occur. However,
the time-delay distribution of type Ia supernova is skewed
towards short delays, so this should not be a large effect.
Type Ia supernovae are believed to be produced by ei-
ther the merger of two white dwarfs or accretion onto a white
dwarf from a companion star. In either case, increasing the
number of close binaries in the right mass range would in-
crease the type Ia supernova rate. The high density of stars
in cluster galaxies could increase the number of close bina-
ries by hardening through repeated stellar encounters.
Observations of galaxy clusters from Mannucci et al.
(2008) and Sharon et al. (2007) found a type Ia rate in clus-
ter elliptical galaxies about 3 times the rate in field ellipti-
cals. However, this result has been challenged by Sand et al.
(2012) and may not be reliable (see Maoz & Mannucci
(2012) for review).
In fig. 5 we plot the increase in abundances of each
element for a type Ia SNe rate of 2%, 3%, and 4% of stars
between 1.0 and 8.0 M⊙, relative to the base cases of 1%.
Increasing the type Ia rate leads to a clear increase in the
iron abundance (58%, 117% and 175%, respectively), but
only a slight increase in intermediate elements and almost
no increase in light elements. Although an increased type
Ia rate in galaxy clusters could greatly increase the amount
of iron present, it cannot explain a significant increase in
lighter elements. It would also lead to a depletion of light
and intermediate elements relative to iron.
3.2 Modifying the IMF slope
Additional metal can also be produced by using an IMF
with a flatter slope, leading to more high-mass stars and
more supernovae and AGB stars for a given amount of star
formation. It is possible stars in galaxy clusters form with a
flattened IMF. Something about either the size of the star-
forming regions in galaxy clusters or environmental condi-
tions within the cluster could lead to a flattened IMF. For
example, if the stars typically form in massive star-forming
regions, they could form with a flatter IMF. However, an
extremely flat slope to the IMF would lead to an observable
deficiency of low-mass stars relative to solar mass and larger
stars. This is inconsistent with cluster observations (e.g.
Treu et al. 2010; Auger et al. 2010; van Dokkum & Conroy
2010) which show an over-abundance of low-mass stars.
In fig. 6 we plot the increase in abundances of each ele-
ment for IMF slopes of −2.1 and −1.9, relative to the stan-
dard IMF cases with slopes of −2.3 (Kroupa) and −2.35
(Salpeter). Flattening the IMF can lead to a significant in-
crease in the amount of metals produced, particularly oxy-
gen, which increases by 67% and 155%, respectively. There
is also a smaller increase in the production of intermediate
elements, and a very small (≈ 15%) increase in the amount
of iron. Although the total mass of metal produced can in-
crease by up to 120%, mainly due to the production of oxy-
gen, the abundance pattern changes significantly from the
standard IMF cases. The oxygen to iron ratio increases by
about 50% and 120% relative to the base cases. Just by
having a flatter IMF slope in galaxy clusters it would be
difficult to produce enough iron to match cluster observa-
tions. There would also be a increase in the abundances of
light and intermediate elements relative to iron, and in the
ratio of oxygen to intermediate elements.
3.3 Removal of low-mass stars
Decreasing the number of low-mass stars in the IMF will
increase the total amount of metals produced without al-
tering their abundances relative to each other, so long as
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only stars smaller than 1 M⊙ are removed. Figure 7 plots
the increase in abundances of each elements for a low-mass
cutoff of 0.4 M⊙, rather than 0.2 M⊙ for the Salpeter
IMF and 0.01 M⊙ for the Kroupa IMF. This results in the
amount of metal produced increasing by about 33%, with
no change in relative abundances. Even removing all stars
smaller than 1 M⊙ only doubles the amount of metal pro-
duced per stellar mass formed. However, such a reduction
in the number of low-mass stars is not found in galaxy clus-
ters. Numerous studies (e.g. Treu et al. 2010; Auger et al.
2010; van Dokkum & Conroy 2010) have found there are
more low-mass stars in large elliptical galaxies than expected
from a standard IMF, making it very unlikely that metal
production in clusters is boosted in this fashion.
3.4 Pair-Instability Supernovae: Change in
high-mass cutoff
For both of our standard IMFs, there is a high-mass cut-
off in the mass distribution at 125 M⊙, roughly the mass
of the largest stars in the Milky Way. However, this cut-
off is not necessarily fundamental. In the Milky Way, the
largest stars are found in the most massive star forming
regions (Weidner et al. 2013). Larger stars, up to 320 M⊙
(Crowther et al. 2010) are found in the Large Magellanic
Cloud, which also has the most massive star-forming clouds
in the local group. Galaxies in clusters, particularly cD
galaxies, have high star formation rates (> 10 M⊙/year)
and many very large star forming regions (> 106 M⊙), so
the high-mass cutoff might be higher in galaxy clusters.
We therefore extend the powerlaw slope of our IMFs
up to 400 M⊙. Although there are still very few stars above
125 M⊙, they make a significant contribution to the amount
of metal produced if the create pair-instability supernovae.
The exact minimum mass for a PISN to take place is uncer-
tain, and may be as low as 65 M⊙ (Chatzopoulos & Wheeler
2012), but we adopt a minimum initial mass of 140 M⊙ for
PISN production, taken from Heger & Woosley (2002). We
also adopt a maximum PISN initial mass of 260 M⊙, and
assume anything larger than this does not produce a su-
pernova. The actual maximum cutoff in the IMF we choose
therefore make very little difference, so long at it is greater
than 260 M⊙.
In fig. 8 we plot the increase in abundances when PISN
are included, compared to the standard IMF cutoff. Just
including the contribution from PISN with a normal IMF
slope greatly increases the metal yield. The amount of O
increases about 55% and the Fe increases about 67%. The
increase in intermediate mass elements is even more dra-
matic. The amount of Si, for example, increases by 475%
and S more than triples. The total mass of metal produced,
dominated by O, increases 58%. This alone is not enough
to account for the entire amount of excess metal in galaxy
clusters, but it is essentially produced for free, without any
changes to low-mass star formation or supernova rates.
The presence of PISN will also leave a distinct abun-
dance signature. The ratio of O/Fe is decreased about 7%
compared to solar values, while the ratio of intermediate ele-
ments (Si, S, Ar, etc.) are enriched relative to Fe by a factor
of about 2.
3.5 Massive star mergers
Very massive stars (> 125 M⊙) can also be produced even
without increasing the maximum mass cutoff of the IMF if
two massive stars collide. Even if the IMF in galaxy clusters
has a standard cutoff of 125 M⊙, the very massive star-
forming regions and high stellar densities may lead to more
mergers of massive stars. This is also a plausible way for
forming the most massive star in the LMC (Banerjee et al.
2012).
To test how this effects metal yield, we assume that
a fixed fraction of stars above 65 M⊙ are in equal-mass
binaries and merge, and that the resulting star behaves the
same as a star with an initial mass equal to the total of the
two merging stars. Merger products with a mass above 140
M⊙ again produce PISN. The minimum mass of 65 M⊙ is
chosen for convenience. Lowering this mass will change the
number and mass of stars that produce core-collapse SNe,
but has very little effect on the overall metal production.
Figure 9 plots the increase in abundance for merger
rates of 10%, 30% and 100%, relative to the standard IMF
with no mergers. The abundance enhancements follow a
similar pattern to changing the high-mass cutoff (sect. 3.4
above) with strong increases in intermediate elements rel-
ative to O and Fe, and a slight decrease in the O/Fe ra-
tio. The excess metal produced is roughly proportional to
the merger rate, with the 10% merger model producing in-
creases about 10% as much as in the high-mass-cutoff mod-
els. The 100% merger rate models produce abundance in-
creases about 5% larger than the high-mass-cutoff model,
because the high-mass slope of the IMFs is steeper than 2,
so 2×N(M) > N(2×M).
3.6 Combined Models
Making any single change to the IMF or the supernova or
merger rates cannot account for the factor of 2-6 increase in
metal in galaxy clusters, except in the most extreme cases
(very flat IMF at high mass or removal of large number
of low-mass stars). However, combining several changes can
lead to greatly increased metal production.
In this section, we consider 5 combined models: 1) IMF
slope of −2.1 and 2x Type Ia rate, 2) 2x Type Ia rate and
PISN (high-mass cutoff of 400 M⊙), 3) IMF slope of −2.1
and PISN, 4) a combination of all 3 (slope of −2.1, 2x Ia
rate and PISN), and 5) a slope of −2.1, merger of 30% of
stars above 65 M⊙ and 3x the Type Ia rate. Figure 10 plots
the abundance increases for these 5 models relative to the
bases cases.
For model 1, the sharp increase in the O/Fe ratio seen
in the model with just a flattened IMF slope of −2.1 (sec-
tion 3.2) is eliminated, with the ratio now 0.91 compared to
the base model. The abundances of intermediate mass ele-
ments relative to O and Fe are only slightly depleted com-
pared to the base case. However, the total amount of metal
produced has still only increased by about 60%
Model 2, combining PISN and a 2x type Ia SN rate,
partially eliminates the depletion of oxygen relative to iron
found in the model with just a 2x type Ia rate (section 3.1);
it is now only 0.70 rather than 0.64. The abundances of
intermediate elements are significantly enhanced relative to
oxygen, similar to the PISN case (section 3.4), and relative
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to iron (up to 224%). The total increase in metal production,
however, is still only about 64%.
In model 3, the flattened IMF slope leads to a large
increase in the number of PISN produced. This leads to a
huge increase in the metal yield, about 180% for O, 165%
for Fe and over 9 times as much for some intermediate ele-
ments. The relative abundances follow a similar pattern to
the PISN only models (section 3.4), with an increase in the
O/Fe ratio and a large relative increase in the abundance of
intermediate elements.
Model 4 is similar to model 3, but with added iron from
the increased type Ia SN rate. Here the ratio of O/Fe is close
the base case (0.89). There is still a significant enhancement
in intermediate elements, with up to a 3 times as much rela-
tive to Fe. The total metal produced is also very high, with
oxygen and iron yield of about 3 times the base case.
Model 5 (green line in figure 10) produces a more mod-
est increases in abundances that model 4, with, for example,
about a 70% increase in Si/Fe rather than a 210% increase.
Oxygen is more depleted relative to Fe than in model 4, due
to the higher type Ia rate and decreased number of PISN,
with an O/Fe abundance of 0.72 relative to the base case.
The total amount of iron produced, however, it still quite
high, 2.75 times the base case rather than 3.16 times for
model 4.
Models 3, 4 and 5, which all include PISN and a slightly
flattened IMF slope at high mass, all produce a total amount
of metal per stellar mass formed similar to that seen in
galaxy clusters. Models 3 and 4 also both have relative
abundance patterns similar to what is seen in PISN, with
very large enhancements in intermediate elements relative to
both iron and oxygen (and other low-mass elements). Model
5 has a lower enhancement of intermediate elements relative
to oxygen and iron, but the presence of PISN is still clear in
the abundance pattern.
4 COMPARISON WITH OBSERVATIONS
We compare the results of our models to observations of ob-
served metal abundances in galaxy clusters. In particular,
we compare to the observations of Lovisari et al. (2011) of
ICM abundances at a range of radii in 5 clusters: Centau-
rus, A496, Sersic 159-03, Hydra A, and A2029. Observations
extend to a maximum radius of 180, 350, 390, 500, and 520
kpc, respectively. They found that generally oxygen is de-
pleted relative to iron in these clusters and that interme-
diate elements (Si, S, and Ar) are near solar values (from
Anders & Grevesse 1989) relative to iron (slightly enhanced
in Si, slightly depleted in Ar), but all are significantly en-
hanced relative to oxygen.
In fig. 11 we plot the O/Fe ratio vs. the total amount
of Fe produced. Observed and modeled values are relative
to solar. For the total amount of Fe produced for the obser-
vations (gray points) from Lovisari et al. (2011) we assume
stars account for 10% of the baryons in the cluster, and so
multiply the observed ICM Fe abundance by a factor of 10,
with error bars ranging from a factor of 5 to 15. This range
should accommodate variations of stellar to total baryon
mass fractions, gas recycling, and metal contained in stars.
Several models with PISN (blue points) and without PISN
(red points) can account for a depletion of O/Fe, particularly
for models with an increased type Ia SN rate. Models with
only a flattened IMF instead produce in increase in O/Fe.
For models without any PISN, the highest amounts of Fe
are produced with the highest type Ia SN rates. However,
even with 4 times the type Ia rate, only about 2.7 times as
much iron is produced. Models that include PISN have an
easier time producing extra iron, reaching up to 5 times the
base case for the most extreme model considered here.
Comparing intermediate elements to abundances of
oxygen and iron shows a clear division between models. Fig-
ure 12 plots the ratio of Si/O vs. Si/Fe. Observations, shown
in gray, generally show an enhancement of both ratios. Mod-
els without PISN (red points) cannot produce an enhance-
ment in both Si/O and Si/Fe. They can have enhanced Si/O
and depleted Si/Fe (for increased type Ia SNe rates), de-
pleted Si/O and enhanced Si/Fe (for flatted IMF slopes), or
approximately solar values of both (for mixtures of flat IMF
and increase type Ia rates or for removal of low-mass stars).
Models that include at least some PISNe (blue points) all
show at least some increase in both Si/O and Si/Fe. This is
because PISNe produce such a large amount of intermediate
elements. It is not possible to get an enhancement of inter-
mediate elements relative to both oxygen and iron without
including pair-instability supernovae.
Models that extend the power-law slope of the IMF
through the PISN region appear to overproduce Si and other
intermediate elements. Better fits to observations are ob-
tained for models with 10% or 30% of stars above 65 M⊙
merging, or, equivalently, about 10% to 30% the number of
PISN predicted for a simple extension of the IMF to higher
masses.
Note that our models reflect the total abundance of each
element, so contributions from stars, gas in the ISM of clus-
ter galaxies, the intra-cluster medium, and dust needs to
be included when making detailed comparisons between ob-
servations and models. The relative abundances in each of
these could be different, and measuring the abundance of a
particular elements in all of them can be challenging.
5 ALTERNATE SUPERNOVA MODEL
As an alternative to the core-collapse supernova models of
Heger & Woosley (2010), in this section we consider models
from Kobayashi et al. (2006). Kobayashi et al. (2006) cov-
ers only a limited range of progenitor masses (7 masses
between 13 M⊙ and 40 M⊙) and assumes all explosions
have an energy of 1051 erg, whereas the data used from
Heger & Woosley (2010) had 120 masses from 10 M⊙ and
100 M⊙ and 7 energies from 0.3 and 3.0 × 10
51 erg. How-
ever, the Kobayashi et al. (2006) models cover progenitor
metallicity fractions of 0.0, 0.001, 0.004 and 0.02, whereas
Heger & Woosley (2010) only model zero metallicity stars.
The supernova yields for Kobayashi et al. (2006) and
Heger & Woosley (2010) disagree significantly. Even at
similar energies, masses and at zero metallicity, the
Kobayashi et al. (2006) models have a much higher yields
per supernova. The yields decrease somewhat with in-
creasing metallicity, but even at solar metallicity the
Kobayashi et al. (2006) produce much more metal. This is
not, however, necessarily unrealistic, if the metal content
of the Milky Way, and other typical spiral galaxies, is not
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saturated but has been mixed with a significant amount of
pristine gas.
To take a best case scenario using Kobayashi et al.
(2006) core-collapse supernovae models, we use only solar
metallicity models. Fig. 13 plots the abundances of each ele-
ments compared to solar values. This is directly comparable
to fig. 3. The oxygen abundance is about 170% solar, and
iron is about 140% solar. Very large enhancements are seen
in lighter intermediate elements (Ne through Al). Si and S
are enhanced relative to solar, by a roughly similar amount
as oxygen.
Because core-collapse supernova produce more interme-
diate elements, the increase of intermediate elements relative
to oxygen and iron when PISNe are included is reduced. For
example, fig. 14 compares the same scenarios as plotted in
fig. 10, but using the Kobayashi et al. (2006) core-collapse
SNe models. Even in the most extreme cases, intermediate
elements are only enhanced by an factor of 4 to 5 relative to
the base model, rather than a factor of 6 to 10 when using
the Heger & Woosley (2010) yields.
Due to the higher overall core-collapse SNe yields, the
amount of metals produced in each model is higher as well.
Fig. 15 plots the O/Fe ratio vs. the total amount of Fe pro-
duced, comparable to fig. 11. The O/Fe ratios are still rea-
sonable, but the amount of iron produced is higher, making
it easier to achieve the high metallicities seen in clusters.
In fig. 16 we plot the ratio of Si/O vs Si/Fe for the
Kobayashi et al. (2006) models, comparable to fig. 12. For
the base model and others without PISNe (red diamonds),
the ratio of Si/O and Si/Fe is enhanced, due to the increased
production of Si in core-collapse SNe. Note, however, that
this is because the base model is out of line with solar abun-
dances. A higher rate of type Ia supernovae, particularly the
Ia 2x model, produces close to solar abundance ratios. Mod-
els with PISNe (blue stars) show a significant enhancement
of Si relative to both O and Fe, and models with 10% or 30%
merger rates still reproduce the cluster observations well.
The uncertainty in the yields from core-collapse su-
pernovae can clearly have a significant effect on the over-
all metal production. Higher yields, in particular, make
it easier to produce the large amounts of metal seen in
clusters. Ideally, better supernova models, covering a wide
range of progenitor mass, metallicity, and supernova energy
would be used, but as of now Heger & Woosley (2010) and
Kobayashi et al. (2006) are the best data sets available. Al-
though they significantly disagree with each other about the
metal yield per supernova, even for nearly identical condi-
tions, the choice of model does not qualitatively change our
results. Pair-instability supernova still significantly enhance
total metal production, and are necessary to simultaneously
increase the ratio of intermediate elements to oxygen and
iron.
6 CONCLUSIONS
Based on our models, we are able to draw the following
conclusions:
1. Including contributions from pair-instability super-
nova significantly increases total metal production. This is
particularly true when combined with an increased type Ia
SN rate and a slightly flattened IMF slope. The PISNe can
be produced either by increasing the upper mass cutoff of
the IMF or by mergers between stars. A spatially or tem-
porally distinct population of high-mass stars, e.g. a very
top-heavy IMF for intra-cluster stars or a large amount of
Population III star formation, is not necessary to produce
the high amounts of metal found in galaxy clusters.
2. PISN are necessary to simultaneously produce en-
hancements of intermediate-mass elements relative to oxy-
gen and iron. Each means of increasing metal production
in clusters create a distinct abundance signature. An en-
hancement of intermediate elements relative to oxygen can
be produced by excess type Ia SNe, but with a depletion
relative to iron. The opposite will occur if there is an excess
of core-collapse SNe (i.e. for a flattened IMF). Models with
an excess of both core-collapse and Type Ia SNe, or with
low-mass stars removed, will produce approximately solar
abundance ratios. Only by including PISN can the amount
of intermediate elements be increased relative to both oxy-
gen and iron.
3. Models that simply extend the high-mass slope of the
IMF to a cutoff mass above the PISN range over produce
intermediate elements relative to oxygen and iron. Models
with PISNe from mergers of 10% to 30% of stars above 65
M⊙ appear to produce better fits. This could indicate that
there are fewer stars then expected for a continuous IMF in
the right mass range (140 to 260 M⊙), that the upper mass
cutoff of the IMF is still below 260 M⊙ in galaxy clusters,
or that an initial mass higher than 140 M⊙ is required to
produce a PISN. It could also be that not all galaxies in
clusters produce PISN. For example, it may be that only
massive galaxies or only galaxies near the center of the clus-
ter are able to produce stars large enough for a PISN to
occur.
4. We expect 1 PISN to occur for every 60 to 600 core-
collapse supernovae in galaxy clusters. For a cluster with
a star formation rate of 100 M⊙/yr, this would translate
to 1 PISN every 20 to 600 years, depending on the IMF.
This assumes the number of PISN per stellar mass formed
is constant over the life of a cluster. It is possible PISN could
only occur at and before the time of peak star formation in
the cluster, when average metallicity would have been lower.
This would, however, require more PISNe per stellar mass
formed at these times.
The largest uncertainties in our models come from su-
pernova simulations results used as input. None of the sim-
ulations of type Ia, core-collapse, or pair-instability super-
novae are completely realistic, e.g., none are 3D simula-
tions, none naturally produce a SN, etc. Better models might
change the amounts of metals produced by different super-
novae, or change the relative amounts of specific elements,
but so long at the general trends are the same this should
not qualitatively change our results. We also do not consider
the metallicity history of the cluster galaxies in our models,
aside from using a fixed range of metallicities for AGB stars.
It is also unknown under what conditions PISNe will
be created. The simulation results we use (Heger & Woosley
2002) are for non-rotating stars with an initial metallicity of
zero. Stars with non-zero metallicity may loose too much
mass for a PISN to occur, or the initial mass lower-limit
for PISN may be higher. Alternatively, more recent work
(Chatzopoulos & Wheeler 2012) has shown that PISN can
occur a much lower mass (≈ 65 M⊙ rather than 140 M⊙)
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for rapidly-rotating stars. Real PISNe may occur at different
masses and produce very different amounts of each element
that the values we assume here. In particular, the abundance
of intermediate-mass elements is very sensitive to the num-
ber of PISNe in our models, and is therefore very dependent
on the PISNe models we use. However, so long as the general
result that PISNe produce enhanced amounts of intermedi-
ate elements relative to oxygen and iron remains true, the
conclusion that PISNe are necessary in galaxy clusters will
remain true.
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Figure 1. The number of stars vs. stellar mass for the Kroupa IMF (solid blue line) and Salpeter IMF (dash red line), used as our
base models. AGB stars and Type Ia supernova are assumed to occur only between 1 and 8 M⊙ (first and second dotted black lines),
core-collapse supernovae between 8 and 140 M⊙ (second and third lines), and PISNe between 140 and 260 M⊙ (third and fourth lines).
Stars above 260 M⊙ are assumed to collapse directly to a black hole with no contribution to metal production.
Figure 2. Fractional mass abundance of each element from C to Zn for base models using a Kroupa IMF (solid blue line) and Salpeter
IMF (dashed red line). Also plotted are solar abundances (solid black line) from Anders & Grevesse (1989).
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Figure 3. Mass abundance of each elements from C to Zn relative to solar values for base models using a Kroupa IMF (solid blue line)
and Salpeter IMF (dashed red line). Solar abundances (solid black line) are all equal to 1 on this plot.
Figure 4. Fraction of each element in the base model with a Kroupa IMF produced by core-collapse SNe (pink), Type Ia SNe (blue)
and AGB stars (yellow).
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Figure 5. Mass abundance relative to base models for increases in Type Ia SNe rate of 2, 3 and 4 times. Models with Kroupa IMFs
are blue lines and with Salpeter IMFs are red lines. There is a large increase in iron and other heavy elements, a moderate increase in
intermediate elements and almost no increase in light elements.
Figure 6. Mass abundance relative to base models for flattened IMF slopes of −2.1 and −1.9. Models with Kroupa IMFs are blue lines
and with Salpeter IMFs are red lines. There is a large increase oxygen abundance, a moderate increase in intermediate elements and
only a small increase in iron production. There is a larger increase for Salpeter models because the slope in the base case is steeper at
−2.35 vs. −2.3 for the Kroupa base model.
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Figure 7. Mass abundance relative to base models for low-mass cutoffs at 0.4 and 1.0 M⊙. Models with Kroupa IMFs are blue lines
and with Salpeter IMFs are red lines. The relative abundances stay constant for all models, with only an increase in the total metal
production.
Figure 8. Mass abundance relative to base models for models with upper-mass cutoff of the IMF extended to 400 M⊙. Star between
140 and 260 M⊙ are assumed to produce PISNe. Model with Kroupa IMFs is the blue line and with Salpeter IMFs is the red line. There
is a very large increase in the production of intermediate elements, along with significant increases in oxygen and iron production (55%
and 67%).
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Figure 9. Mass abundance relative to base models for models with mergers of 10%, 30% and 100% of stars above 65 M⊙. Models with
Kroupa IMFs are blue lines and with Salpeter IMFs are red lines. The 100% merger case produces similar results to the PISN models
(figure 8). The 10% and 30% models produced similar abundance patterns but with more moderate increases in metal production.
Figure 10. Mass abundance relative to base models for 5 combined models. Only models with a Kroupa-type IMF are shown. All
models that include PISNe show a clear signature in the enhancement of intermediate elements. The largest increases in metal production
are those with a flattened IMF and PISN (extended upper mass cutoff). A compromise model (solid green line) with a flattened IMF,
30% massive star merger rate, and 3x increased Type Ia SNe rate, produced similar increases in metal production to the PISN, 2x Type
Ia rate model, but with more oxygen production.
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Figure 11. Increase in O/Fe ratio vs. total Fe abundance compared to solar values. Data (grey points) are from Lovisari et al. (2011)
for ICM observations of 5 galaxy clusters at different radii. The Fe values and error bars assume stars account for 10% of cluster baryons.
Models with no PISNe are shown as red diamonds. Models with PISNe are blue stars. At least some of both types of models can produce
reasonable values of O/Fe and total Fe, although only models with PISNe can produce very high Fe values (above 3).
Figure 12. Increase in Si/O ratio vs. Si/Fe ratio compared to solar values. Data (grey points) are from Lovisari et al. (2011) for ICM
observations of 5 galaxy clusters at different radii. Models with no PISNe are shown as red diamonds. Models with PISNe are blue stars.
Only models that include at least some PISNe can produce an enhancement of both Si/O and Si/Fe. Si is over-produced relative to O
and Fe for PISN models that simply extend the upper-mass cutoff of the IMF slope to include PISNe. Better fits are obtained for models
with 10% or 30% mergers for high-mass stars.
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Figure 13. Same as fig. 3 but using Kobayashi et al. (2006) models for core-collapse supernovae. Mass abundance of each element
from C to Zn relative to solar values for base models using a Kroupa IMF (solid blue line) and Salpeter IMF (dashed red line). Solar
abundances (solid black line) are all equal to 1 on this plot.
Figure 14. Same as fig. 10 but using Kobayashi et al. (2006) models for core-collapse supernovae. Mass abundance relative to base
models for 5 combined models. Only models with a Kroupa-type IMF are shown. All models that include PISNe show a clear signature in
the enhancement of intermediate elements. The largest increases in metal production are those with a flattened IMF and PISN (extended
upper mass cutoff). A compromise model (solid green line) with a flattened IMF, 30% massive star merger rate, and 3x increased Type
Ia SNe rate, produced similar increases in metal production to the PISN, 2x Type Ia rate model, but with more oxygen production.
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Figure 15. Same as fig. 11 but using Kobayashi et al. (2006) models for core-collapse supernovae. Increase in O/Fe ratio vs. total Fe
abundance compared to solar values. Data (grey points) are from Lovisari et al. (2011) for ICM observations of 5 galaxy clusters at
different radii. The Fe values and error bars assume stars account for 10% of cluster baryons. Models with no PISNe are shown as red
diamonds. Models with PISNe are blue stars. At least some of both types of models can produce reasonable values of O/Fe and total
Fe, although only models with PISNe can produce very high Fe values (above 3.5). All models produce more Fe than the same models
using Heger & Woosley (2010) core-collapse supernova models.
Figure 16. Same as fig. 12 but using Kobayashi et al. (2006) models for core-collapse supernovae. Increase in Si/O ratio vs. Si/Fe ratio
compared to solar values. Data (grey points) are from Lovisari et al. (2011) for ICM observations of 5 galaxy clusters at different radii.
Models with no PISNe are shown as red diamonds. Models with PISNe are blue stars. The Si/Fe ratio in the base model is significantly
enhance relative to solar values. However, only models that include at least some PISNe can produce an enhancement of both Si/O and
Si/Fe relative to the base model. Si is over-produced relative to O and Fe for PISN models that simply extend the upper-mass cutoff of
the IMF slope to include PISNe. Better fits are obtained for models with 10% or 30% mergers for high-mass stars.
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